Background: Traditional approaches to measuring the diffusing capacity of the lung for carbon monoxide (DLCO) treat the lung as a single, well-mixed compartment and produce a single value for DLCO to represent an average diffusing capacity of the lung (DL). Because DL distribution in the lung is inhomogeneous, and changes in the DL in diseased lungs may be regional, measuring regional DL, especially during exercise, may be more sensitive in detecting pulmonary vascular diseases. Objectives: To characterize regional changes in DL in healthy individuals from rest to exercise, and to provide normal references for future studies in pulmonary vascular disorders. Abbreviations: ANOVA ϭ analysis of variance; CO ϭ carbon monoxide; DL ϭ diffusing capacity of the lung; Dlco ϭ diffusing capacity of the lung for carbon monoxide; DlcoMLV ϭ diffusing capacity of the lung measured at midlung volume; VA ϭ alveolar volume; VC ϭ vital capacity; Vc ϭ capillary blood volume
C
arbon monoxide (CO) transfer from alveolar spaces to the pulmonary microcirculation is a complex process. Although the efficiency of CO transfer depends on factors such as ventilation distribution, alveolar mixing, alveolar-capillary membrane properties, and hemoglobin affinity for CO (), perhaps the most important factor is the pulmonary capillary blood volume (Vc). 1 Measurements of CO transfer (expressed as the diffusing capacity of the lung for CO [Dlco] in North America, and as the CO transfer factor in Europe) are thus widely used to provide useful information about pulmonary vascular function in both health and disease. 2 Traditional approaches to measuring Dlco include single-breath, steady-state, and rebreathing methods. All of these approaches treat the lung as a single, well-mixed compartment and produce a single value of Dlco that is taken to represent an average diffusing capacity for a given lung volume (ie, the mean alveolar volume [VA] over the 10% exhaled volume change during which CO uptake occurred). The anatomic distribution of Vc (and other determinants of CO transfer), however, is far from uniform. For example, analyses of healthy upright mammalian lungs have demonstrated re-gional Vc decreases of severalfold from base to apex. 3 More marked regional differences would be expected in disease states.
Attempts to measure the regional Dlco as a more complete description of the heterogeneous distribution of Dlco in the lungs have been made by many investigators. Early approaches included measuring Dlco at different lung volumes, 4 -9 after bolus inhalations of CO at different portions of a breath, 10 or analyzing CO uptake after different breath-holding times. 11 More recently, the intrabreath technique was introduced by Newth et al, 12 and it has provided an additional tool with which to examine the determinants of Dlco. This technique uses a rapidly responding infrared CO analyzer to measure CO uptake throughout a single exhalation. Data can be analyzed to give an overall CO uptake measurement [13] [14] [15] or can be used to calculate multiple values for Dlco as the lung empties. This latter approach permits a profiling of Dlco over exhalation (ie, intrabreath Dlco).
Traditional measurements of Dlco usually have focused only on upright subjects at rest. Morphologic analyses, however, have shown that under these conditions pulmonary capillaries are not fully recruited, especially in the apex, 3 which in part is responsible for the vertical distribution of Dlco. 10,16 -18 With exercise and increased blood flow through the lungs, pulmonary capillaries are both recruited and dilated, and studies 19 have shown consistently that Dlco increases accordingly. From these concepts, we might speculate that early or mild abnormalities in pulmonary capillaries that do not appreciably affect resting Dlco might be better detected by an abnormal exercise Dlco response.
The intrabreath technique appears to be wellsuited to study these Dlco exercise responses as it is much simpler for subjects to perform under exercise conditions than more traditional techniques. 13, 20, 21 In our previous work with this technique, 13, 20 we analyzed CO uptake as a single value representing the lung as a whole. As noted above, however, if a disease process is subtle and/or regional, profiling the regional Dlco might add more information than a single value for Dlco. Accordingly, we reanalyzed our previously reported data in healthy subjects under conditions of rest and exercise using the Dlco measured at midlung volume (DlcoMLV; ie, 30 to 45% of exhaled vital capacity [VC]) as the regional Dlco value, and using a polynomial curve-fitting technique to describe the whole Dlco profile during a single exhalation. Our goal was to characterize the normal response of intrabreath Dlco to exercise so as to assess the recruitment potential of regional pulmonary capillaries and to provide a reference point for future studies in patients with various pulmonary vascular disorders.
Materials and Methods

Study Population
One hundred five healthy subjects (age range, 20 to 70 years) were recruited through local newspaper advertisements. Each subject was interviewed to obtain a brief medical history, and they performed spirometry and a 10-s breath-holding Dlco test. Subjects met the following criteria: (1) nonsmokers (ie, Ͻ 2 cumulative pack-years) or remote ex-smokers (ie, Ͼ 2 pack-years, but Ͻ 10 pack-years and had quit for Ͼ 10 years); (2) no history of cardiopulmonary diseases, thoracic cage diseases, or anemia, and no symptoms to suggest these diseases; (3) normal finding of the breath-holding Dlco test (ie, 70 to 120% of the predicted value); and (4) FEV 1 /FVC ratio, Ͼ 0.70. The protocol was approved by the Institutional Review Board of Duke University Medical Center, and each subject signed an informed consent form. The demographic characteristics of the study population are summarized in Table 1 .
Device
Measurements of intrabreath Dlco were performed using a rapid infrared analyzer system (model 2200; SensorMedics; Yorba Linda, CA) by assessing the uptake of CO by the lung during a continuous constant-flow exhalation with CH 4 as an inert tracer gas during a single exhalation. The rapid analyzer has a 0-to-90% full-scale response time of 300 ms, a sample flow rate of 500 mL/min, and a lag time of 700 ms. The analyzer has a linearized response to CO from 0 to 3,300 ppm, and the response to CH 4 is also linear within this range. The cross-sensitivity to water vapor is negligible. There is a slight interference with CO 2 (ie, 3 to 4% in the presence of 5% CO 2 gas). This is adjusted mathematically before the analyzer outputs CO and CH 4 concentrations. The dead space of the system is 80 mL, which is corrected mathematically in the calculation of VA. Overall, the errors of gas analysis are within 2% for both gases between 0 and 3,300 ppm. The circuitry is leak-free and is checked for leaks regularly. Volume and flow are measured by the heated wire and are calibrated using a 3-L precision syringe daily. The analyzer is zeroed against room air and is calibrated using a test gas containing 3,000 ppm CO and CH 4 prior to each measurement.
Single Exhalation Intrabreath Technique
This technique has been described previously. 13 Briefly, the subject performed a rapid inhalation from residual volume to total lung capacity of dilute (ie, 0.3% each) CO and CH 4 . After a brief breath-holding (ie, 1 to 2 s), the subject slowly exhaled at a relatively constant flow rate (0.5 to 1 L/s) with the aid of a flow restrictor (5-mm critical orifice) and an on-screen flow indicator. Gas concentrations were measured continuously during exhalation. Multiple intrabreath Dlco values were calculated during the exhalation using the following conventional Dlco equation of Ͼ 10% increments of exhaled volume:
where t2-t1 is time interval over which CO uptake occurred, ln (FAco(t1)/FAco(t2) is the exponential change in alveolar CO concentration over the small time interval (t1-t2), and k is the constant 1,000 ϫ 60/(PB Ϫ 47). Intrabreath Dlco values were corrected for the phase III (alveolar phase) slope of CH 4 by expressing CO concentrations relative to CH 4 . Intrabreath Dlco values then were plotted against lung volumes, which were expressed as the percentage of exhaled VC (Fig 1) . DlcoMLV was calculated as the average intrabreath Dlco between 30% and 45% of exhaled VC, as described by Stokes et al. 21 For Figure analysis of the curve, multiple Dlco values were calculated at each 10% interval between 20% and 80% of exhaled VC. These intrabreath Dlco values also were expressed as a percentage of DlcoMLV.
Experimental Protocols
Each subject performed the single-exhalation maneuver in the sitting position at rest and during exercise on a cycle ergometer according to an exercise protocol that has been described previously. 13 The exercise level was determined by the target heart rate (HRex), which was defined as follows:
where HRmax is the maximal predicted heart rate for the individual (ie, 220 Ϫ age), and HRrest is the resting heart rate.
Statistical Analysis
All statistics were performed using a statistical software package (StatView, version 5.0; SAS Institute; Cary, NC). Leastsquares multiple regression analyses, fitted by sex, were used to generate prediction equations relating DlcoMLV and the CH 4 slope under resting and exercise conditions to age, height, and weight. A variety of models were considered, using both height and weight as separate variables, and together as the body mass index (weight/height 2 ). Through a step-down process, nonsignificant terms were eliminated. Ultimately, if a term remained significant in a solution for one of these variables under either condition, it would be retained in the solutions for all conditions. Using this technique, it was found that age and height best predicted DlcoMLV, while age best predicted the CH 4 slope.
To describe the nonlinear intrabreath Dlco curve at rest and during exercise, a polynomial model was used. To fit polynomial models, we began with a third-order model and used a backwardelimination strategy for selecting variables. We found that a third-order polynomial model was the most parsimonious and relevant model with which to describe the intrabreath Dlco curves for all testing conditions. The single independent variable (X) was the percentage of exhaled volume, and the response variable (Y) was the normalized Dlco value (in percent DlcoMLV). The polynomial equation thus has the following forms:
where ␤ 0 , ␤ 1 , ␤ 2 , and ␤ 3 are the regression coefficients, and E is the error component. The data were fit into this third-order polynomial model using the least-squares method. The selected polynomial model also was tested with a multiple partial F test for lack of fit and a plot of jackknife residuals against X. To determine the significance of the overall regression, the null hypothesis (␤ 1 ϭ ␤ 2 ϭ ␤ 3 ϭ 0) was tested using the overall F test. The quantitative measure of how well the third-order model predicts the dependent variable was determined by the squared multiple correlation coefficient (ie, the multiple R 2 ). All data were expressed as the mean Ϯ SD. Comparisons between the intrabreath Dlco curves obtained at rest and during exercise were performed using the repeated-measures analysis of variance (ANOVA) for group difference and for interactions.
Comparisons between values obtained in the resting and exercise conditions were performed by the two-tailed paired t test. A p value of Ͻ 0.05 was considered to be statistically significant.
Results
Intrabreath DLCO Curve at Rest
A typical intrabreath Dlco profile at rest is shown in Figure 1 . During the single exhalation, the intrabreath Dlco decreased nonlinearly from 20 to 80% of exhaled volume but was relatively constant at midlung volumes. For men, the intrabreath Dlco decreased from 34.0 Ϯ 6.9 mL/min/mm Hg at 20% of exhaled volume to 25.6 Ϯ 8.8 mL/min/mm Hg at 80% of exhaled volume, or by 25% (Fig 2, top) . (Fig 2, bottom) . When expressed as a percentage of DlcoMLV, the intrabreath Dlco decreased from 125.7 Ϯ 23.8% to 85.3 Ϯ 21.0%. 
Intrabreath DLCO Curve During Exercise
The intrabreath Dlco curve also was nonlinear, with relatively constant values at midlung volumes (Fig 2) . For men, the intrabreath Dlco decreased from 43.4 Ϯ 8.8 mL/min/mm Hg at 20% of exhaled volume to 32.1 Ϯ 10.9 mL/min/mm Hg at 80% of exhaled volume, or by 26% (Fig 2, top) . When expressed as a percentage of DlcoMLV, the intrabreath Dlco decreased from 116.9 Ϯ 18.8 to 82.2 Ϯ 23.4%. For women, the intrabreath Dlco decreased from 33.0 Ϯ 6.5 at 20% of exhaled volume to 21.4 Ϯ 6.1 mL/min/mm Hg at 80% of exhaled volume, or by 35% (Fig 2, bottom) . When expressed as a percentage of DlcoMLV, the intrabreath Dlco decreased from 123.8 Ϯ 20.9 to 81.8 Ϯ 21.2%.
Comparisons of Intrabreath DLCO Curves Between Rest and Exercise
Intrabreath Dlco values at all lung volumes, except the lowest, during exercise were greater than those at rest (Fig 2) . For men, the p value for between-group difference with repeated-measures ANOVA was Ͻ 0.0001, and the p value for interaction between the groups was 0.16. For women, the p value for between-group difference with repeatedmeasures ANOVA was Ͻ 0.0001, and the p value for interaction between the groups was 0.452.
DLCOMLV
For men, the mean DlcoMLV at rest increased from 29.3 Ϯ 4.8 mL/min/mm Hg to 37.8 Ϯ 7.0 mL/ min/mm Hg during exercise, or 29%. For women, the mean DlcoMLV at rest increased from 22.5 Ϯ 3.2 mL/min/mm Hg to 26.6 Ϯ 4.4 mL/ min/mm Hg during exercise, or 18%. The prediction equations for DlcoMLV at rest and during exercise for men and women are shown in Table 2 .
Polynomial Models for the Intrabreath DLCO Curves
The nonlinear Dlco curves during single exhalation could be adequately described by a third-order polynomial model. The regression equations are shown in Table 3 , and the predicted values are superimposed on the observed values in Figure 2 .
CH 4 Slope
At rest, the average CH 4 slopes for men and women were 0.0037 Ϯ 0.0019%/L and 0.0065 Ϯ 0.0051%/L, respectively (p ϭ 0.001). During exercise, the average CH 4 slopes for men and women were 0.0039 Ϯ 0.0022%/L and 0.0066 Ϯ 0.0064%/L, respectively (p ϭ 0.0011). The prediction equations for CH 4 slopes at rest and during exercise for men and women are shown in Table 4 .
Discussion
Our study provided prediction equations for DlcoMLV values measured during single exhalations at rest and during exercise (Tables 2) . DlcoMLV values correlated with sex, age, and height. The predicted resting and exercise DlcoMLV for a typical man (height, 175 cm) and woman (height, 161 cm) of ages 30 and 65 years are shown in Table 5 . Table 6 compares DlcoMLV values under resting and exercise conditions that were predicted by our equations, with Dlco values obtained by other techniques and analysis methods predicted or measured in selected studies using the above hypothetical young and old subjects. Note that the increases in DlcoMLV from rest to exercise that were predicted by our equations are similar to the changes in Dlco that were measured by other techniques, except the steady-state method, under comparable testing conditions. The Dlco during mild exercise is approximately 30% greater than that at rest.
The measurement of exhaled CO to calculate the intrabreath Dlco curve, and thus the DlcoMLV, was adjusted for the distribution of ventilation using the CH 4 slope. In subjects such as ours, with nearnormal distributions of ventilation, this adjustment accounts for the effects of different regional gas dilution during inspiration of the test gases. However, data from lung modeling have shown that, in the presence of extreme nonuniformity of ventilation and/or diffusion, correction for the inhomogeneity with the phase 3 slope of an insoluble gas such as helium or CH 4 may lead to results that differ substantially from estimates of whole-lung CO transfer. 22, 23 The intrabreath Dlco during single exhalation in our healthy subjects was nonlinear and could be described adequately by a third-order polynomial model (Table 3 ; Fig 2) . Two explanations for this behavior have been proposed. The first explanation is the sequential emptying behavior of the lung (ie, the "first-in, last-out" phenomenon). Dlco measured at different lung volumes could reflect the sequential sampling of different lung regions (and thus regional Dlco behavior) at different lung volumes. 22, 23 For example, in an upright healthy individual, gas sampled at higher lung volume generally reflects a greater contribution from the lower part of the lung, which empties early and has a higher regional Dlco value. 24, 25 As lung volume decreases, contributions from the upper part of the lung, which empties later and has a lower regional Dlco, begin to increase. At very low lung volumes, airway closure of lower lung zones occurs and probably is responsible for the more precipitous decrease in Dlco after 70 to 80% of the lung volume is exhaled.
The second explanation is the Dlco heterogeneity, both parallel and stratified. The actual determinants of Dlco (eg, Vc, membrane properties, and ventilation-perfusion inhomogeneity) could change with lung volume. For example, as lung volume decreases, the contribution of decreased membrane diffusion or increased ventilation-perfusion inhomogeneity (which decreases Dlco) to Dlco may be variably offset by that of increased Vc (which increases Dlco). 6 Tsoukias and coworkers 26, 27 have proposed a model that takes into account the effects of sequential lung emptying and lung volume on Dlco. Such a model seems to provide a more accurate measurement of Dlco at all lung volumes compared to DLCO measured by the traditional single-breath method, 28 the single-exhalation method, 12, 21 or the three-equation method. 29 The model, however, assumed a uniform distribution of the diffusing capacity of the lung (DL) and, thus, was not able to quantify the contribution of the heterogeneity of DL to the volume-dependent behavior of Dlco. 26, 27 It is well-recognized that there is a topographic distribution of the DL in the healthy upright lung, 10, 16, 18 and that such heterogeneity of the DL would be exaggerated in diseased lungs. Previous investigations have measured the effect of lung volume on the single breath-holding Dlco test of the lung by having subjects inhale to different lung volumes. In 1915, Krogh 30 reported that Dlco increased in direct proportion to increasing VA above the functional residual capacity. This result was supported by the results of subsequent studies 4, 5, 7, 9 that showed the single-breath Dlco decreasing markedly with decreasing VA. On the other hand, others have reported that Dlco decreases only slightly 6, 31 or is unchanged 8, 28 with decreasing breath-holding volume. The nonlinear behavior of the intrabreath Dlco (Fig 2) may explain some of the apparent discrepancies in these observations as being related to the lung volumes sampled.
Our study also provided the prediction equations for the single-exhalation inert gas (CH 4 ) slope at rest and during exercise (Table 4) . This slope correlated with sex and age. The predicted resting and exercise CH 4 slopes for a typical man (height, 175 cm) and typical woman (height, 161 cm) of ages 30 and 65 years are shown in Table 7 . Note that the CH 4 slope primarily reflects time constants of lung units, but not necessarily the distribution of ventilation. The CH 4 slope will increase with the maldistribution of ventilation only if the maldistribution is accompanied by changes in time constants. Thus, our observation that the CH 4 slope remained unchanged from rest to mild exercise would indicate only that the sequential emptying behavior of the lung units during exercise was similar to that at rest. The CH 4 slope also increased with age. This is consistent with the increased phase III slope during nitrogen washout in the elderly 32 and probably reflects the degenerative changes in the small airways as the individual ages, resulting in increased time constants. The CH 4 slope also was greater in women than in men, but the reason for this is unclear. As shown in Figure 2 , the intrabreath Dlco during exercise was greater than the intrabreath Dlco at rest at any given lung volume, but the shape of the curve did not change significantly, except at the lowest volume. This suggests that capillary recruitment/dilation (and other potential changes in Dlco determinants) may occur uniformly throughout most of the lung during exercise, except in those regions that empty at the end of exhalation. These results are consistent with those of previous studies 13, 19, 20, [33] [34] [35] [36] [37] that demonstrated that various measurements of Dlco increase with exercise, and further suggest that capillary recruitment/dilation during exercise is a fairly uniform process throughout the lungs, despite the volume-dependent behavior of Dlco and the heterogeneity of DL at rest.
In summary, our study provides additional analyses for the intrabreath technique by quantifying the DlcoMLV, the entire intrabreath Dlco curve over the lung volume, and the CH 4 slope (as an index of ventilation distribution) during rest and exercise. Prediction equations for DlcoMLV and the CH 4 slope at rest and during mild exercise were given, and a third-order polynomial model was used to describe the nonlinear intrabreath Dlco profile during single exhalation under both testing conditions. These observations suggest that the intrabreath Dlco curve can provide physiologic information that is not available from traditional measurements of Dlco. In addition, the ease with which the intrabreath Dlco can be measured during exercise conditions allows a more in-depth assessment of the recruitability of the pulmonary capillary bed (and possibly other Dlco determinants). These analyses provide a database for further studies in this technique in different disease states affecting the pulmonary circulation.
